The 'rise time' of a gamma-ray burst, which may be defined as the radiation pulse width from a small segment of a fireball's spherical shell wherein second order effects like shell curvature are unimportant, is conventionally attributed to photon time delay across the thickness of the shell. If the intervening space between the observer and the fireball is inhomogeneous at the minimum level given by primordial density variations, two photons propagating towards us from opposite ends of this small segment along different directions will not arrive simultaneously even when they were emitted at the same depth, because of the gravitational potential gradient transverse to the light paths. The phenomenon is first order in the 'off-axis' angle of the photon wavevector, and should not be ignored. We demonstrate that, for bulk fireball Lorentz factors of Γ ∼ 100 -300 this delay is usually much longer than that due to shell thickness, and can therefore potentially be used to scrutinize the standard cosmological model, by investigating whether a GRB emission code that incorporates the extra delay can still match observational data. If Γ 10 3 , even the decaying tail of the GRB light curve will be a function of cosmology, because curvature delay at the shell will no longer be the only influence on the arrival times of photons emitted from angles ∼ 1/Γ near the edge of the jet.
Introduction
Among the chief predictive elements of ΛCDM cosmology, the existence of gravitational time delay on the propagation of light from distant sources is relatively least tested. This delay, if well measured, could just as effectively constrain the primordial matter spectrum P (k) and the distribution of non-linearly evolving mass clumps as any other observational checks. The test is difficult to conduct, especially concerning the primordial aspects of it. On the cosmic microwave background (CMB), time delay does distort the acoustic peaks, except too feebly to be consequential (Hu 2001 , Lieu & Mittaz 2006 , the latter LM06 henceforth). Instead of the CMB, a variable and strongly lensed compact source could be employed to look for the time difference between the onset of the same flaring behavior (say) among the multiple images, except this difference is dominated by the mass distribution of the lens, not of the space in between (see LM06 and the references therein). What might constitute a successful test ? Perhaps a transient, extended, and thin slab of extragalactic emission if there are reasons to believe that a brief flash of radiation was emitted simultaneously (or contemporanesouly) from many points across the slab, because any relative cosmological delays among light paths connecting us and these various emission points must not exceed the observed duration of the flash.
In this Letter we discuss the prospect of GRBs as a tool. The use of a GRB's fast timing to test fundamental physics is not new: it has been suggested that GRBs could probe multidimensional Kaluza-Klein theories (Harko and Cheng 2004) . In cosmology, the gravitational lensing and microlensing of a GRB by foreground structures could reveal the distribution of matter in the low redshift Universe. Yet our topic of concern here is the primordial matter density perturbation, the 'seeds' that grew to form the present day galaxies and clusters, which provides also the minimum level of inhomogeneity one must expect from any region of space at any epoch. Specifically our question is: can GRBs be used to decide whether the time delay of extragalactic light (relative to the propagation time in a homogeneous critical density Universe) caused by the gravitational disturbance of the uneven distribution of primordial matter exists?
Fundamental timescales of prompt GRB gamma-rays
According to the standard picture of prompt gamma-ray emission from a GRB (Meszaros 2006; Yamazaki et al 2005) , a high concentration of energy was released (e.g. at the end of the life of a massive star) to drive the outflow of matter -a flow which develops to relativistic speed with constant bulk Lorentz factor Γ. Owing to the variability of the 'trigger region', this energy is deposited sporadically, launching a sequence of expanding shells rather than a continuous flow. In the clock of a laboratory observer, when the front of the first shell surged for some time t s since t = 0, the initial moment of energy output at the 'trigger', the distance traversed by the front is
(not R = ct s because of relativistic correction, Rees 1966) , and collisions among various parts of this jet could lead to the formation of an internal relativistic shock surface, which rapidly accelerates particles to produce the non-thermal energy (as first pointed out by Quenby & Lieu 1989 ) responsible for the gamma-rays.
The situation is depicted in Figure 1 , where it can be seen that, ignoring the expansion of the Universe for now, the first gamma ray photon will reach the observer O from point A, at the subsequent time (from the time of 'trigger')
where t AO denotes propagation time through the intervening intergalactic space along the path AO. The 'rise time' of a GRB variability is associated with the thickness of the shell δR.
More precisely, the pulse of emission from a shell segment centered at the 'on-axis' position is temporally confined to the interval between the arrival of photons A and B. While photon A is detected at the time given by Eq. (2), the arrival of photon B occurs at
i.e. the extra time ∆t || = t BO − t AO is the pulse 'rise time' (the symbol || denotes 'parallel to the line-of sight'). Hence
where
As one moves towards other segments of the expanding spherical shell at different longitudes and latitudes, the gamma-ray brightness there declines because of reduced Doppler blueshift and lower flux (both relative to the AB segment) for photons emerging sideways of a beam. Thus the 'pulse height' drops. Moreover, the pulse is delayed w.r.t. that of AB because of shell curvature: a photon emitted at position C of Figure 1 is detected at the time
where, referring back to Eq (2), the observed interval t CO − t AO separating photons A and C is
with r = R∆θ, is the time over which the pulse brightness faded from the value for segment A to that for segment C. Since fundamentally δt ⊥ ∼ (∆θ) 2 , it depicts a second order effect.
The GRB light curve from the entire shell then consists of successively delayed (and weaker) pulses starting from the segment at A and continuing to the segments further and further away from A, until the solid angle of the entire visible portion of the jet is taken into account. Obviously, such a picture is accurate only if each segment is small enough that the delay across its thickness dominates its own curvature delay. By comparing Eqs. (1) with (2), and noting that at the internal shock
(Meszaros 2006), we see that this criterion is satisfied when
so that the pulse width for the segment is entirely governed by the 'rise time' of Eq. (4).
When cosmology is taken into account, there are two modifications. Firstly, because of the Hubble expansion the observed arrival delay ∆t corresponds to a physical path difference at the emission epoch of c∆t/(1 + z) where z is the GRB redshift. Secondly, in all the discussion up to now we assumed no cosmological time delay. If gravitational disturbances affect the light paths AO, BO, and CO, the values of t obs for our three photons A,B, and C will then differ from those in Eqs. (2), (4), and (5), by the amounts δt AO , δt BO , and δt CO respectively. Since the light paths AO and BO are essentially identical, the quantity δt || = δt AO − δt BO is completely negligible. The more pertinent question concerns δt ⊥ = δt AO − δt CO , which we shall demonstrate is not negligible because its angular dependence is first order in ∆θ. Moreover, unlike ∆t which is systematic, δt ⊥ is random, characterized by its standard deviation.
Relative time delay between two light rays induced by primordial density perturbation
The complete calculation of the (finite) variance in the difference between the propagation time delay 2 of two light signals emitted at points A, C and converging at the observer O was performed in LM06, assuming a primordial matter spectrum P (k), comoving distance OA=OC= x, and the angle AOC= θ, i.e. the AC separation r of Eq. (6) is re-expressed in terms of the observer's off-axis angle as r = δy = xθ.
Here we simply sketch the essential steps on how it is done. Let the gravitational perturbation of an otherwise zero curvature Friedmann-Robertson-Walker Universe (as inferred from 
where we adopted the simplification c = 1, and ∇ is the gradient operator transverse to the vector x, viz. along the y direction.
If the matter spectrum has the form
LM06 showed that the correlation function Φ(r)Φ(r ′ ) may be expressed as
is observationally determined by the temperature anisotropy of WMAP at the largest scales to be δΦ ≈ 3 × 10 −5 .
From Eq. (12) one constructs the correlation between derivatives
where r = r ′ − r ′′ and the indices i, j denote the two orthogonal y components of direction. This enables us to derive the lowest order term for the variance in the relative time delay
2 , viz. the variance contribution from the first term on the right side of Eq. (10), as
In LM06 an accurate form for the 2dFGRS/WMAP1 matter spectrum was found to consist principally of two terms, each having the form of Eq. (11) with a 1 + a 2 = 1. More precisely we shall employ the following formula to make time delay predictions: 
and we note that this value of A is consistent with Eq. (14) when substituted into Eq. (13). Each of two terms in Eq. (17) contributes to the time delay variance [δτ (θ)] 2 of Eq. (16) additively, i.e. the total variance is the sum of two quantities, each having the form of Eq. (16) with b → b i and (δΦ) 2 → (δΦ) 2 a i . Moreover, since GRB distances are ∼ Gpc, we may evaluate the integral in Eq. (16) in the simplifying (but highly accurate) limit x ≫ b to obtain, after recasting δτ in terms of r by means of Eq. (9) and reinstating the speed of light c:
It should be remarked that, under the GRB scenario of small r (or θ), the second order term of Eq. (10) contributes negligibly to (δτ ) 2 , being a factor ∼ (r/b) 2 lower than the first term.
The effect of cosmological time delay on the GRB light curve
While the arrival time difference between photons A and B is a constant unaffected by primordial matter distribution, the same is no longer true for photons A and C. The standard deviation in δt ⊥ = δt AO − δt CO as observed at z = 0 is simply given by δτ of Eq. (19), since the conformal and observer time intervals are equal when the expansion parameter a = 1, which occurs at z = 0. Hence we have, for a GRB located at the typical distance of x = 2 Gpc, δt ⊥ = 1.92 × 10 −4 r c ,
as obtained after combining Eq. (19) with Eqs. (14) and (18). Since δt ⊥ ∼ r ∼ ∆θ ∼ θ, it depicts a first order effect, so now we must be careful when deciding whether it can be ignored.
Eq. (20) should first be compared with the arrival time interval by which photon C lags photon A, viz. ∆t ⊥ of Eq. (6). The ratio of the random and systematic components is
and is only a function of the 'off-axis' angle ∆θ. Note that because all the angles across a GRB's emission surface are small, ∆θ may also refer to the angle a photon's wavevector makes w.r.t. the direction of the center of any emitting shell segment.
What is the physical meaning of Eq. (21)? For photons detected at the relatively larger angles of ∆θ 1/Γ, we have δt ⊥ /∆t ⊥ 5 %, because GRB fireballs are believed to have bulk Lorentz factors Γ ∼ 100 -300. Thus the cosmological delay is unimportant here, until Γ 10 3 when the entire decaying tail of the GRB light curve will be changed. On the other hand, if we turn to a small shell segment bounded by off-axis angles ∆θ 1/Γ 2 , i.e. Eq. (8), we now find that δt ⊥ > ∆t ⊥ even when Γ ∼ 100. The transverse delay is then controlled by cosmology and not by the curvature of the GRB shell. Thus the conventional understanding of a small 'transverse to longitudinal ratio', ∆t ⊥ /∆t || ≪ 1 as discussed before and after Eq. (8), must be re-examined if there is primordial matter perturbation. In fact, this ratio is to be replaced by
For ∆θ ∼ 1/Γ 2 and 100 Γ 300, we have 1 η 10. Hence previous definition of the pulse shape of this small segment, based upon the fireball shell thickness δR which led to the 'rise time' ∆t || of Eq. (4), yielded in reality an underestimate because it ignored cosmological time delay.
Conclusion
Could the success of models on fireball evolution in explaining GRB light curves indicate the absence of primordial effects? Since such a conclusion obviously has drastic repercussions on the standard cosmological model, a more conservative approach would be to investigate whether a revision of fireball parameters to accomodate cosmological delay while accounting for the GRB data is possible. This task is beyond the scope of the present Letter, as our purpose is to point out a hitherto unnoticed dependence of GRB light curves on cosmology. It seems clear that, at the very least, this dependence will significantly affect any modeling effort. Once the 'rise time' is substantially prolonged, the gamma-ray pulse width from each small shell segment will increase, and the pulse height will decrease by energy conservation. As all the photons from the observable part of the shell successively arrive, the complete GRB light curve of the shell would be the sum of many pulses, with the first one coming from the central segment and the later and fainter ones from the other segments because of shell curvature phenomena. Thus if the shape of the individual 'rising' pulses are re-defined by cosmology, it would be reasonable to suppose that the total light curve is likewise going to be. For fireballs with Γ 10 3 the cosmological delay becomes comparable to the curvature delay at the expanding shell even when the larger angles ∼ 1/Γ corresponding to the edge of the jet are considered. Under this scenario, the 'tail envelope' of the GRB decay curve will also be changed.
